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Doped TiO2 samples were synthesized using urea or thiourea leading to N- or S- 
doped TiO2 respectively using different preparative procedures. The band gap 
energies of colored TiO2 were obtained by diffuse reflectance spectroscopy (DRS). 
The visible absorption shoulder of TiO2 due to the tail of states in the band-gap 
introduced by the N- or S-doping followed Urbach’s law. For the doped TiO2, these 
features will discussed in relation to changes in the joint density of states, the 
position of the absorbance edge and the energy distribution of these states in the tail 
of the band-gap. Photocatalytic peroxidation and oxidation (mineralization) with 
doped-TiO2 were carried out under light irradiation λ>410 nm. The phosphatidyl-
ethanol amine (PE) was used as the probe molecule to detect the chemical 
transformations and mineralization using doped-TiO2. The formation of conjugated 
double bounds in PE molecules due to visible light irradiation was measured 
monitoring the peroxidation index of PE. The formation of conjugated double bonds 
during the induced photodecomposition of PE implies the formation of peroxy-
radicals under light excitation (λ>410nm) by doped-TiO2. The pathway for the 
peroxy radical formation is the scavenging of photogenerated e- by O2. Evidence is 
presented that this reaction is the initiation step for the oxidation of PE by free 
radicals. The CO2 production kinetics was also monitored to quantify the total 
oxidation (mineralization) of PE. Colored TiO2 powders were studied in detail by 
different physicochemical techniques. The variation of the transient decay does not 
correlate with the different N- and S-TiO2 doping levels tried adding either urea or 
thiourea suggesting that the states (recombination centers or traps) introduced by 
doping are not very effective in changing the decay kinetics within the nanosecond 
and microsecond time scale. X-ray diffraction reveals no rutile in S-TiO2 samples 
heated up to 600oC, suggesting that sulfur precludes rutilization during 
crystallization of these samples. X-ray photoelectron spectroscopy (XPS) of the S-
TiO2 sample confirm the preferential localization of S on the upper layers ??????? 
 
Introduction. 
 
TiO2 with photocatalytic activity in the visible range is a research topic of great importance 
in view of the applications in energy storage and environmental pollution control. Activity under 
visible light extends the application of TiO2 to indoor and in the case of diffuse light excitation. A 
large number of techniques have been employed to synthesize materials TiO2 powders with photo-
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activity in the visible range1-17. Recently, doped TiO2 was synthesized by the reaction of TiO2 
powder or a TiO2 precursor with urea (from now on N-TiO2) or thiourea (from now on S-TiO2)7,8,18. 
Doped titania powders have been used for the photo-catalytic oxidation of simple organic 
molecules or to carry out dye decoloration1,3,4,7-9. The photo-killing of harmful pathogens by TiO2 
under the UV-A light has also been recently  reported 19-23 as well as the peroxidation of the cell 
membrane of E.coli due to TiO2 photocatalysis under UV-A light 24. The bactericidal action of 
TiO2 in indoor application is important and relates to the use of full solar spectrum. 
              The peroxidation activity of bio-membranes by N-, or S-doped TiO2 has not been 
investigated in detail. This is the object of this study involving nano-technology and microbiology. 
Our aim is to optimize the preparation of N- and S-doped powders to b rused in the peroxidation of 
L-α-Phosphatidyl-ethanolamine and (L-α-Cephaline). Nanocrystalline yellow TiO2 powders have 
been synthesized by different methods leading to materials with a large surface area. Phosphatidyl-
ethanolamine (PE) is one of the main components of the outer wall membrane and cytoplasmic 
membrane in gram-negative bacteria cells 25. Moreover, PE is a convenient biomolecule for the 
study of the peroxidation process. PEe contains double bonds in the fatty acid tail that undergo 
peroxy-radical attack under light on the TiO2 surface. This radical attack is monitored by the 
peroxidation index. The doped TiO2 large surface area powders with visible absorption were 
synthesized by several techniques and characterized by diffuse reflection spectroscopy (DRS), 
attenuated total reflection Fourier transformed infrared spectroscopy (ATR-FTIR), Raman scattering 
spectroscopy, X-ray diffraction, X-ray photo-electron spectroscopy (XPS), elemental analysis, 
porosity measurements (BET, pore size), and nanosecond-laser photolysis. 
 
Experimental. 
Preparation of doped TiO2. The sol-gel preparation of doped titania colloids was carried 
out with titanium tetra-isopropoxide (Fluka AG, Buchs) as the Ti-source and thiourea (Fluka AG, 
Buchs) as the used as the sulfur source. During sol-gel preparations both constituents were mixed in 
ethanol in the ratio 1:4. The resulting slurry was concentrated in a rotavapor and poured on a Petri 
dish heating subsequently at temperatures between 200-900oC for different time periods. During the 
sample heating, combustion of the suspension was observed producing thick fumes of sulfur dioxide 
and foam leading to the porous TiO2 powders. The powders were heated increasing the temperature 
30 oC/min up to 350oC-550oC and heating for times between 2 and 8 hours leading to yellow 
powders. These powders are will be labeled as S-TiO2. In separate experiments, aging of the slurries 
was carried out for some days before heating to 100 oC to eliminate the excess water followed by 
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heating for 3h at 500oC (S-TiO2-aged). The N-doped TiO2 synthesis used urea instead of thiourea 
and the yellow color samples obtained will be labeled N-TiO2.  
S-TiO2 samples were also prepared by heating mixtures thiourea and anatase with specific 
surface area (SSA) of 280 g/m2 provided by Tayca Corporation (Japan). The heating temperatures 
ranged from 200-900oC and different calcinations times were used. The calcination temperature and 
times for each S-TiO2 sample were noted 450x2, 500x2 and 900x1, where the first number 
corresponds to the temperature (oC) and the second number to the calcinations time. S-TiO2 samples 
with SSA greater than 200 m2/g were prepared grinding anatase with thiourea followed by 
calcinations at 400oC and labeled S-TiO2-ground.  
Sample preparation for irradiation experiments. (L-α-phosphatidyl-ethanolamine (L-α-
Cephaline)) PE from bovine brain (Aldrich, AG Buchs) was used as received. The chemical 
structure of PE is shown in scheme 1. PE multi-lamellar vesicles were prepared by the following 
procedure: first, a thin dry PE film was spread on the surface of a vessel. The vesicles were stirred 
in solution (10 mg/ml), with Raschig glass rings under a vigorous flow of N2 gas. As the reaction 
time progressed, the PE-lipid film transformed into a multi-lamellar vesicle suspension forming a 
turbid solution. This suspension was mixed with TiO2 and purged with O2 for 3 min.     
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Scheme 1. Chemical structure of PE  
 
Irradiation procedures. A Suntest solar simulator illuminator was used with a filter cutoff 
for light λ< 410 nm. The filtered light dose density was 45 mW/cm2 as monitored by a LSI Corp. 
power meter of Yellow Springs, CO, USA. This refers to the total radiant light flux in the Suntest 
cavity. Control experiments were performed applying the full Suntest light (90 mW/cm2) on 
Degussa P-25 in the absence of the a cutoff filter λ< 410 nm. Suspensions of TiO2 (1 mg/1ml) and 
1mg/ml of PE in 10 ml aqueous solution in 40 ml Pyrex reactor vessels were irradiated purging with 
O2 before use. 
            Spectrophotometric detection of conjugated dienes. To measure the rate of formation of 
conjugated dienes, 100 µl of the vesicle suspension was diluted in 1 ml of H2O. The absorption 
spectra were measured in a quartz cell with an optical path-length of 0.1 cm. Conjugated dienes 
show a distinct absorption in the UV at 234 nm for the cis-isomer (28 000 dm3 mol-1 cm-1) and at 
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236 nm for the trans-isomer (26 000 dm3 mol-1cm-1). The optical density nm was monitored at 234 
nm to determinate the conjugated-diene concentration. 
       X-ray diffraction. The crystallinity and an phase of the TiO2 samples was determined with a 
Siemens X-ray diffractometer using Cu Kα-radiation 
       DRS measurements. Ultraviolet-visible diffuse reflectance spectra of TiO2 powders were 
measured with a Cary 5 spectrophotometer provided with a diffuse reflectance accessory. The 
Kubelka-Munk relations measuring K/S for thick samples were used to convert reflectance 
measurements (R) into the equivalent absorption spectra. K and S are the absorption and scattering 
coefficients of TiO2. The reflectance of MgO was used as reference (RMgO) 26 
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         Attenuated Total Fourier Transform Infrared Spectroscopy. ATR-FTIR spectra were 
measured in a Portmann Instruments AG spectrophotometer equipped with a Specac attachment 
(45o one pass diamond crystal). The spectra after 64 scans with a 4 cm-1 resolution in the spectral 
range of 400-5000 cm-1 were stored for analysis 
         Raman spectroscopy. Raman spectra of S-TiO2 samples were recorded at room temperature 
using a Micro-Raman set-up (DILORXY), back-scattering geometry and at 488 nm (3-5 mW). A 
well-dispersed suspension of the sample was placed on a glass slide and allowed to dry before 
taking the Raman spectrum. 
          Laser photolysis of doped TiO2 powders. Laser photolysis experiments were carried out 
using the light pulses at λ=354 nm wavelength, (third harmonic) of the Nd3+ YAG laser. The laser 
pulse duration was 12 ns and a power of 0.1mJ/pulse. Experiments were performed in the diffuse 
reflectance mode using an optical fiber for the collection of the diffuse scattered light. The 
intensity of the reflected light was monitored wit a monochromator (Applied Optics) and the 
signals were stored in a digital oscilloscope (Tektronix TDS 640) for further processing. 
 
         X-ray photoelectron spectroscopy (XPS). 
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Results and Discussions 
         X-Ray Diffraction. The structure of the yellow TiO2  samples was determined using X-ray 
powder diffraction. Figure 1 shows the X-ray diffractograms of S-TiO2 prepared by heating 
anatase with thiourea in air at different temperatures. All the samples except that ones heated to 
900oC show only anatase phase. It is surprising that the sample heated to 900 oC still contains a 
significant fraction of the anatase since the transition temperature of anatase to rutile is around 
700oC. Inhibition of grain growth occurs due to the presence of sulfur preventing the phase 
transition of anatase to rutile.  
Lattice parameters were measured using NaCl as internal standard and do not reveal any 
significant change of S-TiO2 anatase s compared with un-doped anatase. Elemental analysis found 
sulfur levels below 1.5% for the samples shown in Figure 1. But a rutile phase was observed for 
samples treated under similar conditions with urea instead of thiourea. The thiourea treatment 
seems to precludes the formation of rutile even at 900 oC by incorporating sulfur into anatase. It 
can be suggested that a higher sulfur concentration in the grain boundaries with respect to the bulk 
TiO2 takes place and leads to a slower grain growth hindering rutile formation. THIS WILL BE 
CONFIRMED BY XPS????? 
 
Figure 1. 
 
          Raman Spectroscopy. Raman spectra of S-TiO2 samples prepared by different synthesis 
techniques are shown in Figure 2. The spectra show predominantly anatase phase. The position 
and width of the Eg mode at 144 cm-1 is different for the different samples. The broadest band 
width was observed for the S-TiO2 ground sample. The Eg mode at 144 cm-1 was found to be 
sensitive to crystallite size 27,28 for anatase crystallites. Not only was a shift observed in the 
position but also the full width at half-height was found to increase with decreasing crystallite size. 
Bersani et al.27 have plotted the FWHH values as a function of the crystallite size found by XRD. 
Using the calibration in reference 27, a crystallite size around 5 nm was determined for the S-TiO2 
ground sample. This value agrees with the value found by electron microscopy. Parker and 
Siegel28 have observed the shift and broadening of the Raman spectra with respect to samples 
having non-stoichiometric oxygen. Oxygen vacancies considerations will be discussed below. 
       
Figure 2. 
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             ATR-FTIR spectroscopy of N- and S-TiO2 Samples. Figure 3 shows the ATR-FTIR 
spectra of N- and S-TiO2 prepared by different methods. The peak observed at 1635 cm-1 is due to 
the adsorbed water. The shoulder beginning below 1000 cm-1 corresponds to the titania crystal 
lattice vibrations. The S-titania in spectrum 1 (physical mixture of TiO2 with thiourea with 
subsequent heating) shows several peaks in the region of 1600-1200 cm-1. After 30 min heating of 
this sample in O2 atmosphere, the peaks almost disappear, suggesting that these peaks originate 
from thiourea traces left during the sample preparation. Spectrum 2 does not show residual 
thiourea peaks. The heating at 475 oC in O2 flow leads to the complete oxidation of that residual 
thiourea. Two peaks near 1120 cm-1 (assigned to SO4-) and 1047 cm-1 are seen in spectrum 2. 
Spectra 3, 4 and 5 relate to titania samples employing TTIP sol-gel and thiourea and show peaks of 
1120 cm-1 and 1047 cm-1. Spectra 3 and 4 show that a short heating period (30 min) under O2 flow 
does not lead to the disappearance of these peaks. These peaks were not observed in the case of N-
TiO2 samples prepared with urea as shown in spectrum 6. Due to the high temperature used during 
the calcination of the S-TiO2 900x1sample, the peaks at 1120 cm-1 and 1047 cm-1 were not 
observed in spectrum 7. The heating up to 900 oC in the air atmosphere removed these peaks. 
Spectrum 8 corresponds to a sample that was thoroughly  washed with respect to the samples 3, 4 
and 5. 
  
Figure 3. 
               
            Surface Area of Doped TiO2 Samples. The photocatalytic activity of TiO2 is known to be 
a function of its surface properties and increase with the SSA of the samples used. During this study, 
we focus on the preparation of doped TiO2 using a low temperature route to achieve TiO2  -powders 
with a large SSA. The data about porosity and the SSA are shown in Table 3. The N2 adsorption-
desorption isotherms of N- and S-TiO2 samples are shown in Figure 4. Most of the samples show a 
type II isotherm with hysteresis loops corresponding to capillary condensation in mesopores and a 
limiting uptake within the high p/p0 region. The initial part of the isotherm is attributed to 
monolayer-multilayer adsorption. The pore size distribution has been modeled using the Barrett 
Joyner and Halenda (BJH)29 equation assuming spherical pores.  
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Table 1. Porosity of doped-TiO2 samples. 
 Volumea  cm3/g BET Surface area m2/g Average  
Diameter b nm 
S-TiO2 0.258 122.3 8.27 
N-TiO2 0.362 167.3 8.39 
S-TiO2 400x8 0.427 183.9 7.37 
S-TiO2 550x2 0.245 106.17 9.09 
S-TiO2 500x4 0.442 160.7 9.33 
S-TiO2 500x2 0.419 139.1 9.73 
S-TiO2 900x1 0.021 5.1 6.67 
S-TiO2-aged 0.431 95.54 17.13 
S-TiO2-ground 0.288 200.3 5.77 
a) BJH Desorption cumulative pore volume of pores between 2 and 500 nm diameter. 
b) Average pore diameter (4V/A by BET).  
  
        Figure 4 shows that with the exception of S-TiO2 900x1 the samples are mesoporous. 
The form of the isotherm differs showing a different pore structure for the different TiO2 
samples. The S-TiO2 sol-gel sample shows a wider hysteresis loop due to the higher pore 
ordering in TiO2. The sample S-TiO2 500x2 shows an isotherm step with no hysteresis. 
  
Figure 4. 
 
           The pore size distributions have been calculated using the BJH equation assuming spherical 
pores in the range 2-500 nm. The samples show a distribution of pores with sizes <10 nm. The 
sample prepared by physical grinding shows a wider-size distribution of pores (Figure 5, trace 3). 
We suggest that this effect is associated with reduction in grain size due to grinding shown below 
in Figure 5. The pore-size distribution for the S-TiO2 500x2 shows a fairly mono-disperse pore 
diameter distribution of 5 nm (Figure 5, trace 1). Specific pore sizes may enhance the adsorption 
of the organic probe interacting more favorably with the chosen substrate.    
  
Figure 5. 
 
              UV-Vis DRS Spectra of TiO2 Powders. Figure 6 shows the comparative UV-Vis spectra 
of doped-TiO2 powders. From the DRS experiments, the UV-Vis reflectance data cannot be used 
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directly to measure absorption coefficients K because of the scattering found in the reflectance 
spectra. Normally, a weak dependence of the scattering coefficient S on the wavelength is assumed. 
Hence, K/S can be assumed to be proportional to the absorption coefficient within the narrow range 
of energy within the absorption edge. Features in the scattering coefficient S may result from a 
single particle scattering effect. For the comparative studies of TiO2 powders having very similar 
crystallite size, the effect of particle size on the scattering coefficient is neglected. 
               The TiO2 spectra are shown in Figure 6 in four different coordinates. Figure 6a) shows 
the DRS of TiO2 powders for K/S plots as a function of wavelength. The arrow indicates the 
appearance of the absorption band λ>410 nm for colored TiO2 samples. The spectral features near 
2.85 eV (450 nm) for N- and S-doped TiO2 are seen in Figure 6d). These features are not observed 
for Degussa P-25 but are observed for the doped-TiO2 samples. Figure 6d) also shows the second 
derivative spectra for some TiO2 samples.  The spectral features at 2.85 eV indicate a significant 
changes in the joint density of states (JDOS) for the doped-TiO2 samples respect the undoped TiO2. 
The JDOS changes show similarities for TiO2 treated by urea or thiourea. 
The spectra of the N- and S-TiO2 samples are shown in Figure 6b in a semi-logarithmic 
plot. Figure 6b) shows that the shoulder of the doped TiO2 absorption in the visible can be 
approximated to Urbach’s law30 as 




 −
⋅∝
kT
Eh
K g
)(
exp
ν
σ , where σ is a constant, and kT/σ 
refers to the energy distribution of states below the energy edge Eg. Figure 7a) relates to the 
determination of σ/kT as the slope in the linear fit of the dependence of ln(K) vs. hν. The values 
of σ/kT for doped TiO2 samples are shown below in Table 2. The lower is the value of σ/kT, the 
wider is the energy distribution of states in the semiconductor band edge. It should be mentioned, 
that for the S-TiO2 and N-TiO2 samples, the values found for σ/kT coincide. For Degussa P-25 
or for the almost white sample S-TiO2 900x1h, the values of σ/kT were observed to be similar 
and about 2.5 times higher than for doped TiO2 samples.  
 
Figure 6 
 
Figure 7 
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                 Table 2. σ/kT values (from DRS measurements). 
Samples σ/kT (eV-1) 
S-TiO2 7.69 ± 0.032 
N-TiO2 7.64 ± 0.064 
S-TiO2 400x6 6.94 ± 0.044 
S-TiO2 400x8 4.72 ± 0.021 
S-TiO2 550x2 7.53 ± 0.061 
S-TiO2 500x2 5.20 ± 0.061 
S-TiO2 900x1 19.5 ± 0.21 
P-25 18.07 ± 0.38 
S-TiO2 aged 6.85 ± 0.058 
S-TiO2 ground 5.09 ± 0.007 
 
The spectra in the Figure 6c) are used to estimate the band gap values from the DRS 
data. The crystalline d0 metal-oxides exhibit indirect absorption edges. The energy dependence 
of the absorption coefficient for semiconductors near the absorption edge is given by 
 
K∝exp σ.
hν −Eg( )n
hν
 
 
 
 
 
 , where Eg is the band-gap energy30. The value of n is n=1/2 for direct 
allowed transitions and n=2 for indirect allowed transitions. The forbidden transitions will not 
be considered, because the transitions forbidden by symmetry rules have a low probability of 
occurring.   
           Figure 7a) shows the slope of kT/σ found when plotting ln(K) vs hν. The term kT/σ 
refers to the energy distribution of states in the band-gap. Values of kT/σ for the doped TiO2 
samples were shown in Table 2. The lower the values of kT/σ, the wider is the distribution of 
the energy states in the band-gap. The band-gap for small crystalline size semiconductor 
particles depend on the band gap when the exciton Bohr radius 2em
a
e
B ⋅
⋅
= ∗
e  is comparable or 
lower than particle size. Rutile has a static dielectric constant e~100, and an effective mass of 
m*~20 me, due to the flat conduction band and polaronic effects.31 Therefore, the Bohr radius 
for rutile aH is  is close to 2.6 Angstroms. The static dielectric constant of anatase is e~31, and  
the effective mass is m* ~ me. From this, the value aH~15 Angstroms can be estimated.31 Both 
exciton Borh radius of rutile and anatase are substantially smaller compared to the particle size 
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of these powders, because the effect of the quantum confinement on the energy edge position 
can be neglected.  
The Eg value of TiO2 was estimated from the intrinsec absorption of this semiconductor. 
The linear fit for the dependence sqrt(K/S* hν ) vs. hν was used only in the vicinity value of Eg. 
The Eg values were estimated from the x-axis intercept obtained by the linear fit of the spectra 
shown in Figure 6c). The value of Eg for Degussa P-25 of 3.18 eV coincides with the Eg value 
for anatase. This is the expected because 80% of TiO2 Degussa P-25 consists of anatase. Table 
3 shows smaller values of Eg for N- and S- doped TiO2 samples. 
 
 
Table 3. Band gap energies determined from the optical absorption spectra by the 
formula of indirect allowed transitions  
 
Samples of TiO2 Eg (eV) 
S-TiO2 2.65 
N-TiO2 2.99 
S-TiO2 400x8  3.18  
S-TiO2 400x6 2.95 
S-TiO2 550x2 2.73 
S-TiO2 500x2 2.92 
S-TiO2 900x1 3.00 
P-25 3.18 
S-TiO2 aged  3.04  
    
           Elemental Analysis. Elemental analysis shows the presence of both N- and S-TiO2 treated 
with urea or thiourea. S-TiO2 400x6 1.08% N and 1.32% S. S-TiO2 500x2 0.13% N and 0.73% S. 
S-TiO2 0.03% N and 0.62% S. N-TiO2 0.18% N and 0% S. S-TiO2–aged 0.26% N and 0.28% S.            
 
           X-ray Photo-electron Spectroscopy (XPS)   ??’’’’ ? 
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Figure 8. XPS 
 
              
 
 
 
 
             Photodynamics of Doped-TiO2 Charge Carriers within the Microsecond and 
Nanosecond Time Scale. Figure 9 shows the transient decays observed by fast laser 
spectroscopy carried out using N- and S-TiO2 samples. The laser excitation photo-generates the 
electron transition from the TiO2 valence band. The probe wavelength for the transient at 700 
nm, was close to the spectral band of the electron photo-generated by TiO2. The transient decay 
plotted in Figure 9 is a stretched-exponential decay shown in a log-log plot. The variation of 
the transient decay does not correlate with the different N- and S-TiO2 doping levels used when 
adding either urea or thiourea. This indicates that the states (recombination centers or traps) 
introduced by doping in the TiO2 are not very effective in changing the decay kinetics within 
the nanosecond and microsecond time scale. The decay kinetics of N- or S-TiO2 samples was 
observed to be very similar for different N- or S-doping levels. Therefore, the method of 
preparation (sol-gel or mechanical mixing) affects the transients in a more important way than 
the doping of TiO2 either by N-or S.  
 
Figure 9 
 
              S-TiO2 Samples Leading to Double Bond Conjugation of PE. The production of 
HOO. or ROO. radicals with a polyunsaturated fatty acid tail of lipids is thermodynamically 
favored. It occurs due to the abstraction of an olefinic H-atom. The molecular rearrangement of 
L .(L=unsaturated chain in Scheme 2) leads to the double conjugation. Rearrangement of the 
double stabilizes the lipid radical and in the presence of the O2, the production of 
hydroperoxides was observed. When the lipid acyl-chain contains more than one double bond, 
lipid oxidation leads to the formation of conjugated double bonds. The peroxidation index with 
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conjugated double bond formation was followed to monitor the formation of HOO. (OO.- 
radicals in net sense). 28 
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Scheme 2. Lipid peroxidation due to TiO2 photogenerated ROO.  in the presence of O2.  
 
The increase in the intensity of the absorption band at 234 nm in Figure 10 provides the proof for the 
conjugated double bonds formation during the S-TiO2 mediated photocatalysis in aqueous dispersion. 
Suntest solar irradiation was used in conjunction with a light filter λ>410. For comparison, the same 
reaction was carried out using the full UV-Vis output of the Suntest light on TiO2 Degussa P-25. 
Similar changes were observed for both systems. We can therefore infer that the same peroxidation 
products are formed using the S-TiO2 catalyst with light under λ > 410 nm and TiO2 Degussa P-25 
under the full Suntest irradiation which has a UV component (5% of the total irradiation) down to 300 
nm.  
           Figure 11 shows the kinetics of the conjugated double bond formation. The initial rate of 
double bond formation with Degussa P-25 TiO2 (trace 1) under full Suntest light is higher than for 
Degussa P-25 TiO2 (trace 6) using a filter for λ > 410 nm. The S-TiO2 500x2 (trace 2) shows in the 
presence of a cutoff filter at 410 nm an activity that is close to Degussa P-25 TiO2 (trace 1). Under 
full Suntest irradiation, TiO2 Degussa P-25 after 140 min. leads to a yield of conjugated double bonds 
that is very similar to the former one. Thus, for S-TiO2 (trace 2), only the initial reaction rate of 
double bond conjugation is slower compared to TiO2 Degussa P-25 (Figure 11, trace 1). Other S-TiO2 
samples in Figure 11 (traces 3,4,5,7) presented a lower peroxidation activity than the S-TiO2 500x2 
sample. 
 
Figure 10. 
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Measurement of pH before and after the reactions reported in Figure 11 showed that the 
pH decreases from 5.7 to 3.2 when S-TiO2 or Degussa P-25 is irradiated for 10 hours under light 
an using a cutoff filter at 410 nm. When using Degussa P-25 under full Suntest light, the pH 
remained constant at 5.7 within the same reaction time. The pH decrease during the reaction with 
light of λ>410 nm is due to the accumulation of carboxylic acids. For Degussa P-25 under the full 
Suntest irradiation, these carboxylic groups decomposed during the reactions. This observation 
agrees with rate of CO2 formation during peroxidation as shown in Figure 12. The yield of CO2 is 
substantially higher under full Suntest light than when S-TiO2, or Degussa P-25 was used in 
conjunction with a 410 nm filter. 
  
Figure 11. 
 
Figure 12 shows the formation of CO2 due to the peroxidation under visible light. The S-
TiO2 λ>410 nm is shown to induce a partial PE mineralization reaching only the carboxylic acid 
formation stage that preceeds mineralization. At the same time, a limited peroxidation is observed 
using Degussa P-25 at λ > 410 nm. This shows the involvement of sub-band gap states of un-
doped TiO2 during the photocatalytic peroxidation of PE.29,30  For N- or S-TiO2 samples, the sub-
band gap states form a near continuum and these states seem to  play an important role during 
visible light induced photocatalysis. 29 
 
Figure 12. 
 
The observation of the conjugation of double bonds during the photodecomposition of PE 
implies the formation of peroxy-radicals under excitation of colored TiO2 by visible light (λ>410 
nm). The common pathway for the peroxy radical formation is the scavenging of photo-
generated electrons by O2. The produced HO2.radical reacts with PE as shown in scheme 2. This 
is the initiation step in the chain radical oxidation of PE in the presence of oxygen. The origin of 
color observed for the N- and S-TiO2 is due to the band gap narrowing with the formation of 
isolated narrow band(8s) above the valence band, and possibly due to the formation of manifold 
surface states. Asahi et al.4;6 calculated the band structure of TiO2-xNx where oxygen sites were 
substituted by nitrogen and reported that mixing of N2p and O2p orbitals narrowing the band-
gap. S-doping of rutile by ion-implantation has been reported to lead to the reduction of band gap. 
Umebayashi et al.13 calculated  the band structure of  doped TiO2 where oxygen sites are 
 14 
substituted by S-atoms. The mixing of the S3p states with the valence band was found to 
contribute to an increase in the valence band-width leading to band gap narrowing in the S-doped 
TiO2. Both theories about the band-gap narrowing either by the N- or S- substitution of oxygen 
are in qualitative agreement with the formation of the color in TiO2 after urea or thiourea 
treatment. In reference 1 the narrowing of the band-gap in the N-doped TiO2 was not found. A 
small narrowing of the band- gap of about 20 meV was reported for N-doped TiO2 in reference 
16. Recently, position of the valence band was reported to remain unchanged upon nitrogen 
doping.16 From the data in Table 3, it can be seen that for S- and N-TiO2 samples, the narrowing 
of the band-gap varied for different samples from 0 mV up to 530 mV. The samples with the 
vivid yellow color display lower band gap-value as seen from the optical measurements. The 
samples with the pale yellow color have the Eg value close to the undoped TiO2. For colored 
samples the absorbance in the visible obeys Urbach’s low in the diapason of about 1-1.5 octave. 
This suggests color formation due to states introduced in the band-gap due to the doping. Taking 
into account the similarity of the DRS spectral of the N- and S-TiO2 samples, common states can 
be suggested for the N- and S-doped samples. We suggest that new states form in the oxygen-
deficient sites in the band-gap. These states induce activity in the visible and N- or S-doping 
seem to hinder re-oxidation.3 The assumption about the oxygen deficient centers agrees with the 
band shift and widening observed in the Raman spectra of S-TiO2 samples. 
 
           Conclusions. 
• The TiO2 powders with visible absorption were obtained by using sol-gel techniques followed 
by calcinations in the presence of thiourea or urea. For the grinded samples, TiO2 was mixed 
with thiourea followed by annealing. Elemental analyses show the presence of 1 mole % for N- 
and ~1.5 mole % for S-TiO2 samples, respectively.  
• XDR measurements show that the crystal phase in the active doped samples was anatase. ATR-
FTIR measurements presented the evidence for the existence of SO4- bands in the samples 
prepared with thiourea. These bands can be removed by thoroughly washing the sample.  
• DRS spectra of the S-, N-TiO2 samples reveal similar features that suggest similar changes in 
the DRS of TiO2 either due to either N-, S-doping. The treatment the DRS spectra according to 
the theory of indirect allowed optical transitions gives values the band-gap which coincide with 
or are slightly narrower than the band-gap of anatase. The narrowing of the Eg band was 
observed for the vivid yellow samples and it is negligible small for the pale yellow samples. The 
dependence of the absorption vs. photon energy for the shoulder inherent to the TiO2 spectra 
followed Urbach’s law dependency in the 1-1.5 octave. For S-and N-TiO2 samples the energy 
 15 
distribution of states prepared by sol-gel were close to 377 mV and 334 mV respectively, as 
observed by DRS spectra. 
• The N2 adsorption-desorption isotherms showed a different porosity for the samples 
investigated. The so-gel sample presented a wider hysteresis loop evidencing a higher pore order 
structure. The samples obtained by grinding technique present a weaker hysteresis loop. 
•The dynamics of the transient decay presented non-exponential form after the excitation at 354 
nm. The half-life of the transient decay was different for the different samples. These values 
varied between 0.5-1.5 µs. Similar half-lives were observed for non-doped TiO2 samples. 
Because the transient arises due to the electron in the conduction band, the lack of meaningful 
correlation between the transient decay and the N-, S-doping level of TiO2 suggest the lack of 
acceleration of the electron decay relative to the undoped TiO2 samples in the sub-microsecond 
region.  
• S-TiO2 mediated photocatalytic peroxidation of the phosphatydil-ethanol amine (PE) from the 
brain bovine under light λ>410 nm. This peroxidation was monitored by the formation of 
conjugate double bonds. CO2 formation was also followed during the course of these 
experiments.  
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Legend to Figures. 
Figure 1. X-ray diffractograms for samples of S-TiO2: 1) S-TiO2 900x1; 2) S-TiO2 500x2; 3) S-TiO2 
420x2; 4) S-TiO2 350x9. 
Figure 2. Raman spectra of S-TiO2 samples:1) S- TiO2, 2) S- TiO2 aged, 3) S-TiO2 ground. 
Figure 3. ATR-FTIR spectra of TiO2 samples: 1) S-TiO2 ground; 2) S-TiO2 ground heated for 30 
min at 475 oC in O2; 3) S-TiO2 550x2; 4) S-TiO2 550x2 heated for 30 min at 475 oC in O2; 5) S-TiO2 
500x5; 6) N-TiO2 sol-gel; 7) S-TiO2 900x1; 8) S-TiO2 aged. 
Figure 4. Isotherms of the samples: 1) S-TiO2 500x2, 2) S-TiO2 ground, 3) S-TiO2, 4) S-TiO2 
900x1. 
Figure 5. Pore-size distribution for the samples: 1) S-TiO2 500x2, 2) S-TiO2 sol-gel; 3) S-TiO2 
ground. 
Figure 6. DRS of TiO2 samples. Captions in each Figure refer to the sample used 1) S-TiO2 sol-
gel, 2) N-TiO2, 3) S-TiO2 550x2, 4) S-TiO2 aged, 5) S-TiO2 ground, 6) S-TiO2400 x6, 7) S TiO2 
900 x1, 8) Degussa P-25, 9) S-TiO2 500x2, 10) S-TiO2 400x8. 
a) DRS spectra in coordinates of K/S vs. wavelength; b) semi-logarithmic plot of the K/S vs. 
photon energy; c) DRS spectra in the coordinates of indirect transitions; d) second 
derivative of DRS spectra. 
Figure 7. Captions show the number of the TiO2 samples used: 1) S-TiO2, 2) N-TiO2, 7) is S- 
TiO2 900x1, 8) Degussa P-25,  
a) DRS spectra in the semi-logarithmic coordinates. Linear fits are approximations 
according to Urbach’s low.  
b) b) DRS spectra showing the indirect optical transition in TiO2. The intercept values of 
straight lines withthe x-axis are used to estimate the edge of the sub-bands.   
Figure 8. XPS 
 
Figure 9. Dynamics of transients decay for the colored TiO2. Excitation λ=354 nm. Probe 
wavelength is 700 nm. 
Figure 10) Absorbance spectra changes during photocatalytic peroxidation of PE. Normalization 
of spectra at λ=210 nm. S-TiO2 500x2, λ>410 nm  
Figure 11.  TiO2 Degussa P-25, under full Suntest lamp irradiation, no filter at λ>410 nm.  
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Figure 11. Kinetics of double bond index formation for 1) Degussa P-25 under full Suntest light; 
2) S-TiO2 500x2, λ>410 nm; 3) S-TiO2 350x3, λ>410 nm; 4) S-TiO2 400x8, λ>410 nm; 5); S-
TiO2 500x5, λ>410 nm; 6) Degussa P-25, λ>410 nm; 7) S-TiO2 900x1, λ>410 nm. 
Figure 12. Kinetics of CO2 formation due to PE photocatalytic oxidation with S-TiO2. The PE 
oxidation with Degussa P-25 is shown.  
a) comparison between the PE oxidation with Degussa P-25 under entire full Suntest irradiation 
and the with PE oxidation under λ > 410 nm. b) PE oxidation under λ > 410 nm: 1) Degussa P-25, 
under full Suntest irradiationt; 2) S-TiO2 400x8, λ > 410 nm; 3) Degussa P-25, λ > 410 nm; 4) S-
TiO2 900x1, λ > 410 nm; 5) S-TiO2 350x2, λ > 410 nm; 6) S-TiO2 500x5, λ > 410 nm; 7) S-TiO2 
500x2, λ > 410 nm. 
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